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Airborne Molecular Contamination (AMC) has become one of the major problems in nano-technology
development and manufacturing facilities. To deal with this problem, a prototype Ultra-Pure Air (UPA)
system with a targeted air quality level of 10 ppt impurity was experimentally developed.
The prototype UPA system presently composes two process modules; pre-treatment and post-
treatment. In order to deal with the hard-to-remove airborne organic molecular substances,
UV185þ254nm is ﬁrst used in the pre-treatment module to provide the energy needed for breaking the
molecules into smaller transitional compounds. Meanwhile aerosol water droplets are introduced; these
combine with the transitional compounds to form hydrophilic substances. After the “Immersing
Photochemical Oxidation” reaction, the hydrophilic contaminants go through compression and
condensation processes, which comprise the post-treatment module. During the air compression and
condensation processes, the collision probability of the contaminants and aerosol water droplets is
highly increased. Later, a dehumidiﬁcation process removes the water droplets within the condensed air;
this removes both the water and the dissolved contaminants. These pre and post-treatment processes
yield air quality levels of less than 1 ppb of volatile organic compound (VOC); the minimum detection
limit for a measuring analyzer.
The purpose of this paper is to introduce the developed UPA system and to present its experimental
results.
 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Airborne molecular contaminants (AMCs) refer to contaminants
within the air that exist as molecules causing airborne molecular
contamination (AMC). According to the ISO 14644-8 classiﬁcation
of airbornemolecular contamination [1]; “the product or process can
be sensitive to, or can be destroyed by, molecular contamination
resulting from airborne molecules due to external, process, or other-
wise generated sources.”
As shown in Fig. 1, AMCs are different from particles, AMCs exist
in gaseous or vapor forms with average dimensions of only
0.2w3.0 nm (nano meter, 109 m), therefore AMCs can penetrate
and pass through ULPA (ultra-low particulate air) ﬁlters [2]. In the
semiconductor industry, AMCs have long been known to negatively
impact process yields by degrading product performance and
reliability [3]. Since AMCs severely jeopardize the cleanroom
operation, a great deal of research has been performed with the
goal of reducing and diminishing problems caused by AMCs,x: þ886 2 2739 5271.
uang), luhchang@ntu.edu.tw
-ND license.particularly when the feature size of the manufacturing technology
node approaches 100 nm or below.
This paper proposes a prototype system, which aims to solve
AMC problems occurring during nanotechnology R&D or
manufacturing. The prototype system is named Ultra-Pure Air
(UPA). The system aspires to produce molecular contaminant free
air. This paper will introduce both UPA methodology and functions.
Additionally, experimental results will be presented which
demonstrate the effectiveness of a UPA system.1.1. AMC problems and challenges
After the initial problem of airborne chemical contamination
was reported by IBM researchers in the early 1990s [4], semi-
conductor companies began to examine the damage caused by
AMCs during manufacturing processes. Later, AMC related studies
and preventive measures were introduced. For instance, Sematech
[5] projected AMC limits for the 0.25 mm (micro meter, 106 m)
process, ITRS [6] initiated an AMC control roadmap for yield
enhancement, Puraﬁl Inc. [7]. introduced AMC control practices,
Balazs Nanoanalysis [8] recommended AMC analysis methods and
ISO 14644-8 covered the classiﬁcation of AMC in cleanrooms and
associated controlled environments. These studies presented
Fig. 1. Schematic of various contaminants on silicon surface [2].
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manufacturing processes along with detection techniques, control
methods, and other related topics.
Grenon [9] examined worldwide AMC incidents from 1997 to
2008. Since Dominion Semiconductor Inc. reported the ﬁrst AMC
incident in 1997, semiconductor plants globally had reported 23
major AMC incidents, the most serious of which resulted in a loss of
approximately US$100 million [9]. AMC-free facilities have now
become a crucial requirement in semiconductor plants.
Thus, Den et al. [10] proposed chemical ﬁlters as the major
method for AMC control in semiconductor manufacturing
processes with a scale of feature size below 100 nm. Moreover,
McIlvaine and Vacura [11] projected sales of AMC control systems
to be US$136 million in 2010 along with AMC ﬁlters sales of US$67
million.
At the time of writing, chemical ﬁlters have been the general
choice for reducing AMC concentration levels in cleanroom oper-
ations, for over a decade. One major difference between chemical
ﬁlters and conventional cleanroom particulate ﬁlters is end-of-life
criteria [12]. A particulate ﬁlter increases its efﬁciency as it loads
andwill not have any quality impact on cleanroom operations, even
when the ﬁlter has reached an end-of-life condition whereby the
increased pressure drop overtakes a certain energy tolerance. By
the same token, while a well-designed chemical ﬁlter may start off
with over 99% removal efﬁciency for a particular contaminant; this
efﬁciency will be degraded over time [13]. Consequently, as indi-
vidual adsorptive materials are deteriorated, the statistical proba-
bility of failure increases.
1.2. Emerging clean air techniques
Van Zant [14] initiated the ‘Clean Air Strategies (CAS)’ which
aims to provide contamination-free workspaces through the design
of clean workstations, tunnel layout and mini-environments in
order to solve AMC problems in cleanroom operations. CAS is
a concept, which involves two elements; clean space, and clean air.
However, there are only a few clean air studies that use a non-ﬁlterTable 1
AOPs techniques applicable to AMCs.
Category Method
Advanced photochemical oxidation processes UV/O3
UV/TiO2
UV/TiO2/O3
Advanced non-photochemical oxidation processes Non-Thermal Plasma
Negative Air Ions (NAapproach to AMC control in a semiconductor cleanroom. Waka-
matsu et al. [15,16] developed a cooled-type, two-stage air washer
in make-up air units to remove high-concentration AMCs from
intake-air and also used a pure water showering method to remove
water-soluble substances, such as NH4þ and amine ions, for clean-
room re-circulation air.
However, even though studies on clean air technology are still
rare for cleanroom applications, advanced oxidation processes
(AOPs) are regarded as an emerging clean and efﬁcient technology
that may be of use in treating AMCs and producing clean air for
cleanroom operations. The advantage of AOPs technology is that it
can completely, or partially, destroy organics by converting them
into various harmless intermediates and end-products, such as
carboxylic acids, carbon dioxide, and halide ions [17,18]. Table 1
summarizes the current studies on AOPs that may be applicable
to the removal of AMCs classiﬁed by ISO 14644-8.
1.2.1. Advanced photochemical oxidation processes
Chou and Chang [19] reported that in a batch mode operation, 1
(one) liter of gas-phase hexamethyldisilazane (HMDS) could be
100% eliminatedwithin 40 s by using 185 nm ultraviolet. Jeong et al.
[20] indicated that 100% of NO and 92% of NO2 could be removed by
the process of UV-C254þ185 nm/TiO2 irradiation coupled with an air
washer. Chen and Zhang [21] investigated the effects of an ultra-
violet photocatalytic oxidation (UV-PCO) device on multiple vola-
tile organic compounds (VOCs) and found that in a 16-VOC mixture
experiment, it took almost 6 h to eliminate ethylbenzene. Zhang
et al. [22] concluded that an O3/TiO2/UV process had better
performance in removing trace VOCs from indoor air than O3/UV
and TiO2/UV processes. Yu and Lee [23] demonstrated that the
ozone removal efﬁciency of a TiO2/UV/O3 reaction in the presence
and absence of toluene ranged from 61.1 to 99.5% and 38.1e95.1%,
respectively.
1.2.2. Advanced non-photochemical oxidation processes
Lee and Chang [24] indicated that, in dielectric barrier discharge
(DBD) processes, around 95% of the carbons in p-xylene molecules
were transformed into carbon dioxide with water vapor. Li et al.
[25] reported that 82% of p-xylene was removed by a positive DC
streamer discharged plasma reactor. Schmid et al. [26] found that
under realistic conditions and using standard operating air ﬂow
rates, degradation efﬁciencies of 1  1% for o-xylene, and 3  0.4%
for m-/p-xylene were found in commercial plasma air puriﬁers. Wu
and Lee [27] examined negative air ion (NAI) technology and
concluded that oxidation of VOCs by NAI proceeded slowly.1.3. UPA paradigm
Chuang and Chang [28] addressed an innovative UPA method to
mitigate AMC problems in nano-scale processes on 45 nm or below.
The objective of the UPA research was to effectively control theAMCs/removal rate References
HMDS/>90% Chou and Chang, 2005 [19]
NO/100%, NO2/92% Jeong et al., 2006 [20]
VOC Chen and Zhang, 2008 [21]
Ozone/96.5e97.8% Zhang et al., 2003 [22]
Ozone/38.1e95.1% Yu and Lee, 2007 [23]
(NTP) p-Xylene/95% Lee and Chang, 2003 [24]
p-Xylene/82% Li et al., 2007 [25]
Xylene/1e3% Schmid et al., 2010 [26]
I) VOC Wu and Lee, 2004 [27]
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with point-of-use applications in order to build a contamination-
free environment for advanced production processes. Consequen-
tially, the UPA solution should satisfy the contamination control
requirements of nano-scale R&D and manufacturing facilities.
2. Conceptual idea of UPA
In modern cleanrooms, the air ﬂow (as shown in Fig. 2a) can be
typically classiﬁed into two circulations. The left circle is an open-
loop air replacement cycle and the right circle is a closed-loop air
recirculation cycle. Outdoor air is transferred to the cleanroom
through a makeup air handling unit (MAU). The MAU provides
temperature, humidity, and contamination controls for the makeup
air. The makeup air then blends with return-air which is re-
circulated from the cleanroom into the air plenum for secondary
air treatments. This conditioned air is then drawn down through
UPLA ﬁlters to the process ballroom by a fan-ﬁlter unit (FFU) for
cleanliness control. The clean air is not only used for maintaining
cleanroom operations but is also used for process tools inside the
mini-environments [29]. Then, the air is either discharged to the
atmosphere through exhaust systems or is continuously re-used in
the air re-circulation cycles.
The problem that exists in Fig. 2a of the cleanroom conﬁguration
is the conﬂicting dilemma of achieving better air quality for the
mini-environment or better energy performance for the ballroom.
Since the cleanroom air comes from the same source, there is no
obvious rationale for going either way. However, Fig. 2b proposes
a method for separating mini-environment air from ballroom air.Fig. 2. UPA application diagram: (a) Typical air path in modern cleanroom, (b) Optimal
air path in UPA cleanroom.The conceptual idea is to convey the ultra-pure grade air to the
point-of-use, to meet the process requirements inside the mini-
environments independently.2.1. UPA hypothesis model
For a cleanroomwith accumulated contaminants, a consolidated
concentration model is illustrated below in Fig. 3. The diagram
shows that the goal of AMC control mechanisms is to remove
contaminants from the air outside and inside the cleanroom, and to
reduce the total contaminant concentration inside the cleanroom.
It is worth noting that AMC changes in the cleanroom can also be
dramatically affected by individual events that occur inside the
cleanroom, perhaps more so even than by atmospheric contami-
nants. This is due to the fact that events such as a chemical spill or
leak-out of high concentration AMCs can be quickly distributed
throughout the cleanroom in the circulating air stream, whereas
atmospheric contaminants tend to be inmuch lower concentration.
As shown in Fig. 3, AMCs may come from external air and
internal emissions, such as spills, leaks or other releases inside the
cleanroom. Meanwhile, AMCs can also be ventilated or removed by
treatment facilities. Eq. (1) expresses the static equilibrium of
contaminants and their concentration changes inside the
cleanroom:
X
CCR ¼
X
COA þ
X
CSE 
X
CEV 
X
CSR; (1)
where SCCR ¼ AMCs in the cleanroom, SCOA ¼ AMCs from outdoor
air, SCSE ¼ AMCs source emissions in the cleanroom or outgassing,
SCEV ¼ exhausted or ventilated AMCs from the cleanroom, and
SCSR ¼ AMCs removed or precipitated by treatment facilities.
In fact, the reality is that cleanroom conditions do not operate in
a steady state. AMC variations are far more complex than the
simpliﬁedmodel indicates. As shown in Fig. 2b, if there is a separate
airstream supplied by a special pipeline to the point-of-use, it
means that ultra-pure air produced by a UPA system might also be
delivered by a high-purity pipe to the end user mini-environment;
this type of pure delivery system could ensure that air entering the
cleanroom remains contaminant and pollutant free and maximizes
the potential to completely eliminate all AMCs.
In this case, SCSE, SCEV and SCSR can be ignored and Eq. (1) can
be simpliﬁed as follows:
X
CCR ¼
X
COA (2)
As can be seen from Eq. (2), when internal sources of AMCs are
eliminated and the outside air alone determines AMCs concentra-
tion in the cleanroom, an effective way of controlling cleanroom
contamination can be achieved.Fig. 3. Equilibrium model of contaminant concentration inside a cleanroom.
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As shown in Fig. 4, the UPA system is composed of three process
modules and a point-of-use delivery solution:
(1) UPA pre-treatment module: UV185þ254nm provide sufﬁcient
energy to break the molecular bonds of contaminants and
water at the same time, and then transform the by-products
into hydrophilic substances.
(2) UPA post-treatment module: after the pre-treatment process,
the contaminants go through the compression and condensa-
tion processes. During the air compression process the nucle-
ation, condensation and growth stages of the aerosols are
carried out to increase the probability of collision between the
contaminants and water droplets. Then, a dehumidiﬁcation
process removes water droplets within the air, thus removing
contaminants dissolved in the water altogether.
(3) UPA polish module: to remove trace amounts of contaminants,
that could not be removed by the previous two modules,
selective molecular sieves and a ﬁnal ﬁltering device are used.
(4) UPA application: once ultra-pure grade air is produced by the
UPA system, it can be delivered directly to the point-of-use
through high-pressure, clean air pipes.
3. UPA methodology
3.1. UPA pre-treatment e transform insoluble substances to
hydrophilic substances
TheUPApre-treatment is an immersingultraviolet (iUV) process,
which is required to transform insoluble contaminants into hydro-
philic substances. Hence, theUPApre-treatmentmodule includes an
aerosol generating unit and a UV185þ254nm irradiation chamber.
Hydraulic spray nozzles are used to generate 30e40 mm sized
droplets that create a misty environment for the iUV process. The
UV185þ254nm lamp provides 185 nm and 254 nm irradiation which
are able to break up CeC, CeO, OeH, OeO, C]C bonds, and so forth
during the photochemical oxidation process [30].
3.1.1. Immersing photochemical oxidation (UV/H2O)
The UV185þ254nm irradiation not only breaks organic bonds,
but also generates a chemical species called free radicals [31].
Free radicals are short-lived, highly reactive molecules or atoms,
which can rapidly oxidize many organic and some inorganic
molecules. These hydroxyl (OH) free radicals break the various
chemical bonds of organic molecules that produce chain reactions
and oxidize most organic molecules into CO2 and H2O, the basic
building blocks of all organic compounds. For instance, in the
total organic compound (TOC) reduction module of an ultrapureOutdoor
Air 
UV
185+254nm
Air
Compressor
(1) UPA Pre-treatment (2) UP
D.I. Water
Fig. 4. UPA system scwater (UPW) system, the hydroxyl radical (OH) can be formed
via the pathway shown in Eq. (3):
H2Oþ hv/H
 þ OH (3)
The energy of the described UV photons is determined by the
frequency or wavelength of the light. Around the year 1900, Max
Planck developed the theory that radiation has particulate prop-
erties. He explained that “particles” of radiation (photons) have
a ﬁxed energy (E) given by Eq. (4):
E ¼ h v ¼ h c=l; (4)
where h ¼ Planck’s constant ¼ 6.626  1034 J s, n ¼ frequency of
the radiation, c ¼ speed of light ¼ 2.99776  108 m/s,
l ¼ wavelength of the radiation (nm).
The energy gained by the molecule results in an increase in the
vibration or rotation of the atoms, thus raising the electrons to
higher orbiting levels of energy. Hence, a threshold energy
requirement must be met in order to dissociate the various inter-
atomic bonds present in a molecule. This energy is called the
bond dissociation energy (threshold energy) and is characteristic of
each particular bond. According to Eq. (4), the UV185nm can provide
dissociation energy of 646 k-joule/mole (6.626  1034 J s 
2.99776  108 m/s O 185 nm) to break up C]C, OeO and OeH
bonds, but the UV254nm only provides dissociation energy of
471 kJ/mole (6.626  1034 J s  2.99776  108 m/sO 254 nm) to
break up CeC and CeO bonds.
3.1.2. Pilot pre-treatment experiment
The rationales of the UPA system are sound. To verify the
hypothesis of the UPA system pre-treatment module, 27 pilot iUV
experiments were conducted [32] using UV185þ254nm to break up
the molecular bonds of airborne contaminants, which then
combined with the introduced aerosol water droplets to form
hydrophilic substances. Xylene was used to exemplify the generic
UPA system. The results clearly indicated that UV185þ254nm was
effective at breaking up xylene molecules and forming water
soluble substances. Moreover, the removal rate of insoluble
contaminants, such as xylene, was 88.1% or above and, following
the UPA pre-treatment process, all of the observed chemical by-
products were soluble or moisture sensitive substances. That is to
say, the UPA pre-treatment process can transform parts of insoluble
xylene into soluble hydrophilic substances.
Comparing the structure of chemical bonds before and after the
iUVexperiment forxylene (shown inFig. 5) it is obvious thatall of the
chemical species contain the eOH, eO, or eH bond in their struc-
tures after the iUV process. In theory, the hydrophilic substances can
be removed by using the “concentration and condensationmethod”
in the subsequent UPA post-treatment process.Air
Condenser
Air
Dryer
A Post-treatment (3) UPA Polish
Water Drain
Molecular
Sieves
UPA
to
POU
hematic diagram.
Fig. 5. Transform insoluble contaminants into hydrophilic substances.
Concentrated
8 m3
1 m3
1 ea/m3
8 ea/m3
Fig. 6. Schematic illustration of UPA post-treatment for concentration mechanism.
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contaminants from airstream
After the UPA pre-treatment process, the trace amounts of
chemical by-product enter the UPA post-treatment module (shown
in Fig. 4). The post-treatment process is designed for low-
concentration contaminants and will remove hydrophilic
substances from the airstream using the concentration, condensa-
tion, and dehumidiﬁcation method under compressed conditions.
3.2.1. Concentration
According to the ideal gas law and Boyle’s law, the pressure of
a given gas in a closed system is inversely proportional to its
volume, but directly proportional to its temperature and the
number of molecules in the system. As a result, when gas in
a constant volume container is compressed, the pressure of the gas
will increase while the number of gas molecules remains constant.
The ideal gas law is given by Eq. (5):
ðP  VÞ=T ¼ n R; (5)
where P ¼ absolute pressure, V ¼ volume, T ¼ absolute tempera-
ture, n ¼ number of moles, R ¼ universal gas constant ¼ 8.3145 J/
mol K.
UPA post-treatment uses an air compressor to reduce the
volume of the air. As shown in Fig. 6, although the total number of
contaminants in the compressed air will not change, the
compression process will likely increase the probability of molec-
ular collision.
3.2.2. Condensation and dehumidiﬁcation
Coulier and Aitken [33] utilized the adiabatic expansion prop-
erty of moist air to create mist. This later proved that small
particulates are essential in the formation of mist, meaning that if
no particulate exists in the air, mist cannot be formed. Reist [34]
further indicated that the heterogeneous nucleation process must
go through two steps. First, the vapor must exceed the state of
saturation in order to condense and, second, raindrops or steam
acquire the particle clusters as nuclei upon condensing.The operation principle of UPA post-treatment is based on
compressed air. First, substantial amounts of water molecules are
introduced in order to surround the air contaminants and form
a mist (shown in Fig. 7). Condensation is then applied to condense
the mist (containing air contaminants) into water droplets; this is
followed by draining the water out of the system to achieve the
desired contaminant removal. Finally, a desiccant air dryer is used
to trap the water molecules that remain; those that have not been
removed in the condensation process. Theoretically, air contami-
nants that are soluble in water will be completely removed at this
stage.
3.3. UPA polish e an inescapable dragnet
Even though the UPA post-treatment module should remove
most contaminants from the airstream, some trace amounts of
contaminants may still remain. To solve this problem an inescap-
able dragnet can be incorporated into the UPA system to ensure
that all the air contaminants are removed. The type of adsorbent
used in the inescapable dragnet of the UPA polish module will be
determined based on the post-treatment results as well as ﬁnal air-
quality requirements.
The inescapable dragnet consists of various kinds of adsorbents
that are suitable for removing different air contaminants. The nano-
porous adsorbents that are often used for the removal of VOCs
Fig. 7. Schematic illustration of UPA post-treatment for condensation mechanism.
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and so forth. Under compressed conditions, molecular sieve
material with an appropriate pore size can be selected as the
adsorbent, so that gas molecules smaller than the pore size can
diffuse into the pores and be trapped by the molecular sieve while
gas molecules larger than the pore size will be blocked outside the
molecular sieve. This enables the separation of various gas mole-
cules according to their sizes.
4. UPA experiment
The purpose of carrying out the UPA experiment was to validate
the feasibility of the UPA hypothesis model. The experiment was
undertaken to ﬁnd out whether or not it is possible to reduce AMC
concentrations to ppt levels by performing UPA treatment. In this
section, the schematic illustrations of UPA hardware and key
parameters will be introduced ﬁrst. Next, all chemical substances
measured during the experiment as well as their water solubility
will be noted. Finally, the results of 7 baseline examinations and 29
xylene experiments will be reported.
4.1. Setup of experimental equipment
Fig. 8 shows a photo of the UPA installation. The air preparation
and pre-treatmentmodulewas 60 cm (W) 60 cm (H) 360 cm (L)
and all ducts were made of #304-stainless steel. The post-
treatment module included an oil-free rotary air compressor,Fig. 8. Photo of the UPA pre-treatment and post-treatment modules.a horizontal water-cooling condenser, and a vertical desiccant
dryer.
4.1.1. Air preparation
As shown in Fig. 9a, the air preparation section controlled the air
velocity within a range of 0.7w0.8 m/s by means of a mechanical
damper and provided the space to mix the experimental chemical
vapor together with the conditioned air. Ambient air from a central
air-conditioning system was used at temperatures from 22w23 C
and at a relative humidity ranging from 47w52%. In this experi-
ment compressed dry air (CDA), the carry gas that satisﬁes ISO-
8573-1 Class-1 quality, was used to inject xylene mist into an iUV
treatment section at a ﬂow rate of 150w180 standard cubic centi-
meters per minute.
4.1.2. The UPA pre-treatment module
Using de-ionized water, the iUV treatment section operated 28
KBN80063 hydraulic spray nozzles to generate 30w40 mm ﬁne
droplets, which created a misty environment for the iUV process.
The consumption of de-ionized water was 68 [/h with TOC
concentrations between 28 and 67 ppbM in this experiment.
Chemical bonds were broken using 14 tubular ultraviolet lamps
with UV185þ254nm irradiation. According to the product data sheet
[35], each ultraviolet lamp provided 6 W of 185 nm and 55 W of
254 nm irradiation. As shown in Fig. 9b, the number and irradiation
range of the UV lamps was driven by various experimental results
prior to this experiment. However, irradiation coverage area and
retention time are two parameters which are critical to deter-
mining the effectiveness of the UPA pre-treatment module. Addi-
tionally, the measured UV intensity was 1637 mW/cm2 (average
value, under misty condition) in this experiment.
4.1.3. The UPA post-treatment module
The air compression section was used to reduce the air volume
after the iUV treatment process. The compressed air pressure
measured in the range of 5.4w5.6 kg/cm2. According to Boyle’s law,
which states that P1  V1 ¼ P2  V2, the air volume was reduced
over 90%.
The dehumidiﬁcation section consisted of a water-cooling
condenser and desiccant dryer. The temperature of the cooling
water measured in the range of 6.0w6.5 C for the condenser and
the dryer’s dew point temperature measured in the range of
56.8w 62.0 C.
4.1.4. The air sampling and analyzing instruments
A TENAX adsorbent tube and GILAIR-3 personal air sampler
were used to obtain the samples. The air sampler ﬂow-rate and the
Fig. 9. (a) Schematic illustration of the UPA pre-treatment and post-treatment experiment, (b) UV lamps layout.
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Perkin Elmer automated thermal desorption (ATD-400) and gas
chromatography/mass spectrometry (Clarus-500 GC/MS) analyzer
were used to conduct sample analysis. The results from the Clarus
500 MS were then compared with the National Institute of Stan-
dards and Technology (NIST) 2008 spectrum database for identi-
fying speciﬁc organic compounds. In this UPA experiment, toluene
was used for instrument calibration, and the minimum detection
limit was 3.78 mg/m3 (1.0 ppbv) using this method.
4.1.5. Experimental limitations
The purpose of the UPA experimentation was to prove the
viability and validity of the UPA process. There were two indicators
used to gauge the success of the UPA experiment. First, it was
determined that the pre-treatment process is capable of eliminating
contaminants, breaking down the structure of chemicals and
rebuilding them as water soluble, hydrophilic substances. Second,
the post-treatment process was designed to eliminate any remain-
ing trace contaminants. These combined processes can result in the
elimination of contaminants and subsequently provide puriﬁed air.
However, the process still has limitations, outlined as follows;
(1) UPA experimentation has not yet optimized the process
parameters for variables such as UV intensity, air retentiontime, pressure dew-point, chilled water temperature, and so
forth.
(2) On this stage of experiment, the program has not yet deal with
the efﬁciency of various concentration levels, especially under
the maximum loading condition. The dosing concentrations
were formulated based solely on outdoor air quality condition
which is around 50w350 ppb concentration.
(3) Since the post-treatment equipment used in the experiment
was very old, some selected parameters may not have been
optimized for the experimental conduction. For instance, the
pressure of the air compressor may be further increased to
improve the air compressing ratio, and the dew-point
temperature of the dryer may be lowered to enhance the de-
watering efﬁciency.
4.2. Chemicals measured and their water solubility
The compounds detected in the experiments are shown in
Table 2. The xylene introduced was a mixture of ethylbenzene, p-
xylene, and o-xylene and was practically insoluble; whereas
acetone, 2-butanone, furan, toluene and benzoic acid were detected
in the ambient air near the experiment equipment. The rest of the
chemicals were mainly by-products produced during the pre-
treatment process. It is noteworthy that, barring nonanal, all
Table 2
Measured chemical and its water solubility in UPA experiment.
Retention time
(Clarus 500-MS)
Chemical name CAS No. Molecular
formula
Molecular
weight
Boiling point, C Water solubility
(www.chemblink.com)
Note
2.76 Acetone 67-64-1 C3H6O 58 56.5 100% @ 20 C Chemical found from
ambient air5.17 2-Butanone 78-93-3 C4H8O 72 79.6 290 g/L @ 20 C
5.52 Furan, tetrahydro- 109-99-9 C4H8O 72 66 Miscible
10.86 Toluene 108-88-3 C7H8 92 110.8 0.5 g/L @ 20 C
26.67 Benzoic acid 65-85-0 C7H6O2 122 250 3.4 g/L
14.30 Ethylbenzene 100-41-4 C8H10 106 136.3 0.15 g/L @ 20 C Injected chemical for
UPA experiment14.61 p-Xylene 106-42-3 C8H10 106 139.1 Practically insoluble
15.55 o-Xylene 95-47-6 C8H10 106 144.1 Practically insoluble
6.49 Formic acid 64-18-6 CH2O2 46 100.8 Miscible Chemical byproduct found
after UPA pretreatment process6.75 Benzene 71-43-2 C6H6 78 80.1 1.8 g/L
7.96 Acetic acid 64-19-7 C2H4O2 60 118 Miscible
16.77 Cyclohexanone 108-94-1 C6H10O 98 155 150 g/L @ 10 C
19.02 Benzaldehyde 100-52-7 C7H6O 106 179.5 0.1 g/L @ 19.5 C
19.28 Butyrolactone 96-48-0 C4H6O2 86 206 Miscible
21.66 Phenol 108-95-2 C6H6O 94 182 80 g/L
21.77 Benzeneacetaldehyde 122-78-1 C8H8O 120 195 2.210 g/L @ 25 C
22.40 Acetophenone 98-86-2 C8H8O 120 202 5.5 g/L @ 20 C
22.69 Nonanal 124-19-6 C9H18O 142 93 Practically insoluble
30.84 Benzoic acid, 2-formyl- 119-67-5 C8H6O3 150 n/a Soluble
31.06 Phthalic anhydride 85-44-9 C8H4O3 148 284 6 g/L @ 20 C
32.94 Benzoylformic acid 611-73-4 C8H6O3 150 n/a Soluble
36.01 Phenylmaleic anhydride 36122-35-7 C10H6O3 174 n/a Moisture sensitive
T.-S. Chuang, L.-M. Chang / Building and Environment 59 (2013) 153e163160chemicals detected in the ambient air and iUV by-products were
hydrophilic.4.3. Results of baseline examination
“Baseline examination” is the process by which ambient air,
without an injected contaminant, is passed through the pre-
treatment and post-treatment processes of a UPA system in order
to determine the background value of the UPA system. By per-
forming a baseline examination, background data for subsequent
experiments can be established.
The results of 7 baseline examinations (shown in Table 3)
suggests that a UPA system can effectively eliminate indoor
contaminants, except for benzoic acid, and may generateTable 3
Result of baseline examination.
Category Retention time Chemical name Molecular f
Ambient chemical 5.52 Furan, tetrahydro- C4H8O
5.17 2-Butanone C4H8O
2.76 Acetone C3H6O
26.67 Benzoic acid C7H6O2
10.86 Toluene C7H8
iUV chemical byproducts 6.49 Formic acid CH2O2
6.75 Benzene C6H6
7.96 Acetic acid C2H4O2
16.77 Cyclohexanone C6H10O
19.02 Benzaldehyde C7H6O
19.28 Butyrolactone C4H6O2
21.66 Phenol C6H6O
21.77 Benzeneacetaldehyde C8H8O
22.40 Acetophenone C8H8O
22.69 Nonanal C9H18O
31.06 Phthalic anhydride C8H4O3
32.94 Benzoylformic acid C8H6O3
36.01 Phenylmaleic anhydride C10H6O3
Note: use statistical functions and formulas in Microsoft EXECL 2010.transitional chemical by-products through the iUV process. The
ﬁndings of the experiment are summarized below:
(1) According to the upstream sampling data shown in the “AIRIN”
column of Table 3, furan, 2-butanone and acetone are the three
major contaminants that exist in ambient air. Although the
concentrations of benzoic acid and toluene are low, it is worth
examining their impact on the following xylene experiments.
(2) Reviewing the category of the iUV chemical by-products in the
“AIRUV” column of Table 3 (besides the ambient contaminants)
one possible source for iUV generated chemical by-products
may be the TOC in de-ionized water during the iUV reaction.
It is suspected that some organic compounds may have evap-
orated from the misty water and were detected at the “AIRUV”
sampler.ormula Average concentration and standard deviation (ppbv)
AIRIN AIRUV AIROUT
Ave. con. Std. dev. Ave. con. Std. dev. Ave. con. Std. dev.
100.0 96.2 13.4 20.4 0.6 1.0
26.4 36.9 20.0 30.5 0.0 0.0
11.7 9.0 14.7 13.1 0.0 0.0
3.5 3.4 260.6 38.9 8.2 9.4
3.0 4.4 1.0 1.6 0.0 0.0
9.0 2.6 0.0 0.0
2.7 6.6 0.0 0.0
2.6 3.1 0.0 0.0
0.6 1.0 0.0 0.0
14.2 14.1 0.0 0.0
6.9 11.0 0.0 0.0
0.6 1.5 0.0 0.0
4.5 0.8 0.0 0.0
16.9 3.1 0.8 1.4
2.1 1.9 0.0 0.0
4.4 2.1 0.0 0.0
4.6 1.7 0.0 0.0
30.1 4.8 1.1 1.7
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about two effects. One was the removal of the contaminants by
reducing their concentrations and the other was the breaking
or rearranging of the contaminant’s chemical bonds to possibly
attach eOH, eO, or eH bonds in their structures. As shown in
the “AIRUV” column of Table 3; except for furan, 2-butanone,
acetone, benzoic acid and toluene were originally found in the
ambient air, other contaminants observed may be by-products
formed during the iUV reaction.
(4) Obviously (as shown in the “AIRUV” column of Table 3) benzoic
acidwas increased after theUPApre-treatmentmodule andwas
not removed completely by thepost-treatmentmodule. Further
investigations are needed to explain the surplus of benzoic acid.
However, such issues will not be discussed in this paper.4.4. Results of xylene experiments
Based on the UPA treatment system (shown in Fig. 9) the xylene
experiment was performed and repeated 29 times. As a result, 29
entries of data were collected for each chemical. Analyses and tests
of this collected data were made and summarized in Table 4.
4.4.1. Experiment results from upstream sampler (AIRIN)
The sampling results of the upstream air are shown in the
“AIRIN” column of Table 4. The injected xylene chemicals included
p-xylene, ethylbenzene, and o-xylene with total average concen-
trations of 186.8 ppbv. Moreover, similar to the results shown in
Table 3, ﬁve major contaminants: furan, 2-butanone, acetone,
benzoic acid and toluene were also found in the ambient air during
the xylene experiments.
From the air contaminants detected and the variation of
ambient concentrations as shown in the “AIRIN” column of Tables 3
and 4, results indicate that air quality in the environment
surrounding the experimental apparatus was consistent (furan:Table 4
Results of xylene experiments.
Category Retention
time
Chemical name Molecular
formula
Average concentration
AIRIN A
Ave. con. Std. dev. A
Injected xylene
chemical
14.61 p-Xylene C8H10 124.4 24.8
14.30 Ethylbenzene C8H10 52.1 12.7
15.55 o-Xylene C8H10 10.3 3.9
Total of xylene C8H10 186.8 40.4 1
Ambient
chemical
5.52 Furan, tetrahydro- C4H8O 99.5 86.0 1
5.17 2-Butanone C4H8O 24.1 34.1 1
2.76 Acetone C3H6O 14.7 9.0 1
26.67 Benzoic acid C7H6O2 10.9 7.7 33
10.86 Toluene C7H8 8.7 17.5
iUV chemical
byproducts
6.49 Formic acid CH2O2 1
6.75 Benzene C6H6
7.96 Acetic acid C2H4O2
16.77 Cyclohexanone C6H10O
19.02 Benzaldehyde C7H6O 1
19.28 Butyrolactone C4H6O2
21.66 Phenol C6H6O
21.77 Benzeneacetaldehyde C8H8O
22.40 Acetophenone C8H8O 2
22.69 Nonanal C9H18O
30.84 Benzoic acid, 2-formyl- C8H6O3
31.06 Phthalic anhydride C8H4O3
32.94 Benzoylformic acid C8H6O3
36.01 Phenylmaleic anhydride C10H6O3 4
Note: use statistical functions and formulas in Microsoft EXECL 2010.100.0/99.5 ppbv, 2-butanone: 26.4/24.1 ppbv, and acetone: 11.7/
14.7 ppbv). These were essential for the UPA experiments because
stable initial conditions can minimize any undesired variation
during the course of the experiment.
4.4.2. Experiment results from post-UV sampler (AIRUV)
Referring to the UPA treatment process (as shown in Fig. 9), the
air was collected by an upstream sampler and immediately entered
the UPA pre-treatment module where the iUV process, described in
section 3.1, was performed. The result of this iUV process is shown
in the “AIRUV” column of Table 4. The data is presented in the
categories of injected xylene chemical, ambient chemicals, and iUV
chemical by-products. The chemical by-products were not
observed in the upstream sampling, suggesting it is likely that they
were by-products resulting from the iUV treatment of the UPA pre-
treatment process.
Based on the concentration variations of the chemicals listed
under the “AIRIN” and “AIRUV” columns of Table 4, the following
three results were observed:
(1) In terms of average value, the total concentration of xylene (the
sum of p-xylene, ethylbenzene, and o-xylene) before and after
the UPA pre-treatment were 186.8 and 13.7 ppb respectively,
a reduction of approximately 93% from the pre-treatment
module.
(2) The UPA pre-treatment process generated hydrophilic by-
products, particularly benzoic acid. As shown in the “AIRUV”
part of Fig. 5, the most detected by-products had a six-
member-ring structure, which were expected to originate
from xylene (ethylbenzene, p-xylene, and o-xylene). These six-
member rings were the remaining basic xylene structures after
their weak chemicals bonds had been broken by UV185þ254nm
irradiation.
(3) Air ﬂowed through the UPA pre-treatment module, which
included humidiﬁcation, UV exposure, and de-mist stages, inand standard deviation (ppbv) Test statistic (AIRIN vs.
AIROUT)
Removal rate
(AIRIN vs. AIROUT)
IRUV AIROUT P (F-test) P (t-test) Ave. con. Std. dev.
ve. con. Std. dev. Ave. con. Std. dev.
4.0 4.8 0.1 0.5 0.00% 0.00% 99.9% 0.3%
9.4 8.1 0.0 0.0 Null 0.00% 100.0% 0.0%
0.3 1.0 0.0 0.0 Null 0.00% 100.0% 0.0%
3.7 13.5 0.1 0.5 0.00% 0.00% 99.97% 0.2%
3.0 22.1 0.4 0.8 0.00% 0.00% 99.7% 0.7%
7.2 26.7 0.1 0.4 0.00% 0.04% 100.0% 0.0%
5.0 9.6 0.3 1.4 0.00% 0.00% 96.4% 18.9%
3.4 177.9 7.4 7.2 69.57% 6.01% 0.1% 163.8%
3.3 7.8 0.3 1.0 0.02% 3.23% 98.9% 2.6%
0.0 6.0 0.0 0.0
4.7 6.8 0.0 0.0
9.7 5.7 0.0 0.0
0.5 1.0 0.0 0.0
2.8 10.0 0.0 0.0
8.5 14.8 0.0 0.0
2.4 2.8 0.0 0.0
5.6 1.8 0.0 0.0
6.8 20.2 0.3 0.8
3.6 3.5 0.0 0.0
8.2 14.7 0.0 0.0
5.3 7.9 0.0 0.0
6.9 7.4 0.0 0.0
0.6 24.1 0.8 1.4
T.-S. Chuang, L.-M. Chang / Building and Environment 59 (2013) 153e163162less than 5 s. From the results shown in the “AIRUV” column of
Table 4, the authors believe that the immersion UV mechanism
played an important role in the restructuring of chemical bonds
and contributed to the generation of 14 chemical by-products.4.4.3. Experiment results from downstream sampler (AIROUT)
After the UPA pre-treatment process, “AIRUV” entered the UPA
post-treatment module. The treatment time for the entire post-
treatment process was approximately 6w8 s. The processes per-
formed in the post-treatment module included concentration,
condensation, and dehumidiﬁcation, and the results obtained are
summarized in the “AIROUT” column of Table 4 as data for down-
stream air sampling.
Similar to the baseline examination results shown in Table 3,
most of the chemicals were removed by the UPA post-treatment
module to a level considered insigniﬁcant, except for trace
amounts of benzoic acid (average concentration of 7.4 ppb) detec-
ted and shown in the “AIROUT” column of Table 4. This implies that
hydrophilic contaminants can be effectively removed to below the
minimum detection limit (1.0 ppb) by the post-treatment processes
of concentration, condensation, and dehumidiﬁcation.
4.4.4. Xylene removal performance
The total xylene concentration (the sum of p-xylene, ethyl-
benzene, and o-xylene) upstream and downstream of the UPA
treatment systemwas 186.8 and 0.1 ppb respectively; a reduction of
99.97% was realized from 29 repeated experiments. Since 29
repeated experiments were conducted, a t-test was performed to
test the difference between mean average results from the AIRIN
and AIROUT. Meanwhile, using F-test, an Analysis of Variance
(ANOVA) was performed to compare the ratio of sum of squares for
treatment (SST) and sum of squares for error (SSE.) In other words,
it compared the variations between averages of AIRIN samples and
AIROUT samples (SST) with all the variations (squared standard
deviations) among all the samples of AIRIN and AIROUT (SSE.) As
shown in Table 4, the experimental results of both t-test and F-test
demonstrated that 99.97% of the total Xylene was signiﬁcantly
removed on a 99.99% conﬁdence level with almost 0% error.
It is worth noting that the experiments conducted in this study
aimed to verify the feasibility and effectiveness of the UPA treat-
ment process rather than to determine the optimal operating
conditions. Therefore, it is believed that, after process optimization,
better system performance can be achieved.
5. Conclusions
When the technology node drove into a level below 45 nano-
meters, AMC emerged as a major issue in the semiconductor R&D
and manufacturing cleanroom. To address this issue and effectively
mitigate AMC contamination problems, a prototype UPA system
was theoretically proposed and subsequently rationalized in this
paper. Meanwhile, experiments were performed to explore the
feasibility of the UPA system.
Although only xylene was used to exemplify the proposed UPA
system, and the experiments of polishing and ﬁnal ﬁltration are still
underway, the positive results from the UPA pre and post-
treatment experiments are very encouraging. The results demon-
strate that xylene, an insoluble contaminant, was transformed into
hydrophilic substances by UV185þ254nm irradiation when mixed
with wet air droplets. The hydrophilic substances then were
removed through a series of post-treatment processes. The xylene
removal rate was signiﬁcant; over 99.99% with near 0.00% errors
after 29 repeated experiments. Therefore, the authors are opti-
mistic that the proposed UPA system could be realized and usedgenerically in treating other contaminants. Eventually, a 10 ppt
level of piped UPA product could bemade and directly channeled to
the mini-environments or any point-of-use in advanced semi-
conductor R&D and manufacturing cleanrooms.References
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